At nondepressed Aplysia sensory to motor synapses, serotonin (5-HT) facilitates transmitter release primarily through a protein kinase A pathway. In contrast, at depressed Aplysia sensory to motor synapses, 5-HT facilitates transmitter release primarily through a protein kinase C (PKC)-dependent pathway. It is known that only two phorbol ester-activated PKC isoforms, the Ca 2ϩ -dependent PKC Apl I and the Ca 2ϩ -independent PKC Apl II, exist in the Aplysia nervous system. For the first time, we have now been able to functionally determine which isoform of PKC is involved in a particular form of plasticity. We microinjected cultured sensorimotor pairs of neurons with various PKC constructs tagged with the enhanced green fluorescent protein as a reporter for successful plasmid expression. Our results demonstrate that short-term facilitation of depressed synapses is mediated by PKC Apl II. Dominant-negative PKC Apl II, but not dominant-negative PKC Apl I, disrupted the normal kinetics of 5-HT-induced facilitation by completely blocking its rapid onset. This effect was specific to depressed synapses, because dominant-negative PKC Apl II did not inhibit 5-HT-mediated facilitation of nondepressed synapses. Our results suggest that not only different signal transduction pathways but also different isoforms of a specific cascade may mediate physiological responses according to the state of a synapse.
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In Aplysia, the effect of the facilitating neurotransmitter serotonin (5-HT) on sensorimotor (SM) synapses is mediated through multiple kinase pathways that become involved at different times according to the state of the neurons (Ghirardi et al., 1992; Klein, 1995; Byrne and Kandel, 1996) . At nondepressed synapses, spike broadening can contribute to transmitter release. In this case, activation of PKA is critical for 5-HT-induced facilitation (Ghirardi et al., 1992) . At depressed Aplysia synapses, pools of releasable neurotransmitter vesicles are depleted (Gingrich and Byrne, 1985; Bailey and Chen, 1988; Zhao and Klein, 2000) (but see Eliot et al., 1994) , and spike broadening is not effective at enhancing secretion (Hochner et al., 1986) . In this case, activation of protein kinase C becomes critical for 5-HT-induced facilitation (Braha et al., 1990; Sacktor and Schwartz, 1990; Ghirardi et al., 1992) .
Protein kinase Cs are a large family of serine-threonine kinases with a ubiquitous role in cellular responses (Nishizuka, 1988) . Twelve PKC isoforms have been identified in mammals, and each of them may act in specific cell transduction pathways (Mochly-Rosen and Gordon, 1998) . Signaling pathways through PKCs regulate many aspects of neuronal function and development, including ion channels, neurotransmitter receptors, cytoskeletal dynamics, and both short-term and long-term plasticity (Tanaka and Nishizuka, 1994) . Most strikingly, PKCs appear to be ubiquitously involved in the modulation of neurotransmitter release (Malenka et al., 1986; Shapira et al., 1987; Ghirardi et al., 1992; Sánchez-Prieto et al., 1996) .
Only two phorbol ester-activated PKCs exist in the Aplysia nervous system (Sossin et al., 1993) . These two isoforms, the Ca 2ϩ -dependent PKC Apl I and the Ca 2ϩ -independent PKC Apl II (Kruger et al., 1991) , show distinct patterns of activation. Purified PKC Apl I is activated at lower concentrations of phosphatidylserine (PS) than PKC Apl II, and this occurs because of the distinct C2 domains of the kinases (Sossin et al., 1996b; Pepio and Sossin, 1998; Pepio et al., 1998) . Consistent with these properties of purified PKCs, PKC Apl I is translocated to membranes rapidly by physiological activators, whereas persistent presence of transmitter is required to translocate PKC Apl II (Sossin and Schwartz, 1992; Sossin et al., , 1996a . Thus, it was suggested that short-term events mediated by PKC, such as the synaptic facilitation of depressed synapses, would be mediated by PKC Apl I, whereas events that require longer incubations with neuromodulators, such as intermediate-term facilitation (Ghirardi et al., 1995) , or those that are seen with phorbol ester, such as facilitation of naive synapses (Sugita et al., 1997a) and increases in excitability (Sugita et al., 1997b; Manseau et al., 1998) , could be mediated by PKC Apl II (Sossin and Schwartz, 1992) .
In this study, we used electrophysiological techniques to directly examine the functional role of PKC Apl I and PKC Apl II in short-term facilitation (STF) of depressed SM synapses. The identification of distinct functions for these kinases was limited until now by a lack of selective pharmacological inhibitors. Here, we transfected Aplysia neurons with various enhanced green fluorescent protein (EGFP)-PKC hybrid constructs. We found that overexpressing a mutant form of PKC Apl II, but not PKC Apl I, specifically inhibited 5-HT-induced recovery of depressed SM synapses, which strongly suggests that this form of plasticity is mediated by PKC Apl II.
MATERIALS AND METHODS

Plasmid construction
W ild-t ype EGFP-PKCs. Full-length clones of PKC Apl I and PKC Apl II were present in pBluescript SK (Invitrogen, C arlsbad, CA) and baculovirus vectors (Sossin et al., 1996b) . Initially, hemagglutinin (HA) tags were attached to the 5Ј end of the PKC s. PKC Apl I was excised from pBluescript SK with SacI, cut back with K lenow (Promega, Madison, W I) to make a blunt end, and inserted into the SmaI site of the HA vector (gift from J. Ngsee, University of Ottawa, Ottawa, C anada). PKC Apl II was excised from pBluescript SK with EcoRI, filled in with K lenow, and inserted into the StuI site of the HA vector. These constructs were then excised from the HA vector with KpnI and SacI and inserted into pN EX-3 (gift from B. Kaang, Seoul National University, Seoul, South Korea) cut with the same enzymes. The HA-PKC Apl I was cut with SpeI, filled in with K lenow to create a blunt end, excised with XhoI, and then inserted into the baculovirus transfer vector BB4 (Invitrogen), which had been cut with EcoRI, filled in to create a blunt end, and then cut with XhoI. Similarly, HA-PKC Apl II was excised using XhoI/EcoRI and inserted into BB4 cut with the same enzymes. EGFP-N I (C lontech, Palo Alto, CA) was amplified by PCR (primers in Table 1 ) and inserted into the 5Ј end of PKC Apl I and PKC Apl II using XhoI. The XhoI site was then cut and filled in to create the correct reading frame. The EGFP-PKC s were then excised with SacI and inserted into BB4 cut with SacI. All clonings were confirmed by sequencing over insertion sites.
Dominant-negative PKCs. Lysine to arginine (K-R) mutations were generated with a two-step mutagenic procedure by PCR. First-round PCR used the PKC Apl I or PKC Apl II cDNA in pBluescript SK (Invitrogen) as a template and either an outside 5Ј primer (O5) and an inside 3Ј primer (I3) or an inside 5Ј primer (I5) and an outside 3Ј primer (O3) (for primers, see Table 1 ). The products from the first-round synthesis were combined and used as the template for second-round synthesis using O5 and O3. The resultant product was cut with appropriate enzymes (Table 1) and inserted into PKC s in pBluescript SK . A new site was formed by the mutagenesis (Table 1) and was used to confirm the cloning. A HA tag was then added to the 5Ј end of PKC Apl I and PKC Apl II as described above for the wild-type PKC s. Subsequent conversion of the conserved phosphorylated sites to glutamic acid was done as described for PKC Apl I (Nakhost et al., 1999) or by taking advantage of pre-existing restriction sites to mutagenize the sites for PKC Apl II with PCR (Table 1) . C lones were inserted into either the BB4 vector or pN EX-3 as described above for wild-type PKC s. EGFP was inserted at the 5Ј ends of the PKC s as described above for wild-type PKC s in pN EX-3, and then EGFP-PKC s were inserted into BB4 as described above. The clones were sequenced over the entire amplified region when PCR was used to confirm that no additional changes were made.
C2 domain constructs. The C2 domains were amplified with PCR (Table 1 ) and inserted into EGFP-C1 (C lontech) using KpnI and EcoRI. The boundaries for the C2 domains were identical to those used in earlier glutathione S-transferase and MBP-C2 domain constructs (Sossin et al., 1996b; Pepio and Sossin, 1998; Pepio et al., 1998) . EGFP-PKC Apl I C2 and EGFP-PKC Apl II C2 were excised from the C lontech vector with NheI and KpnI and inserted into pN EX-3 at XhoI and KpnI and into BB4 with NheI and KpnI. The clones were sequenced over the entire amplified region when PCR was used to confirm that no changes were made.
Expression in baculovirus
Recombination of the transfer vectors into baculovirus and generation of high-titer baculovirus stocks were performed as described previously (Sossin et al., 1996b) . To characterize the activity of PKC s, Sf9 or Sf21 cells were infected at a multiplicity of infection of 5 for 3 d. E xtracts of Sf9 or Sf21 cells were made as described previously and assayed directly after dilution or after initial purification over a DEAE column (Sossin et al., 1996b) . Separation into supernatant and pellet fractions and translocation of C2 domains was as described previously (Sossin et al., 1996b) .
PKC kinase assay
The reaction mixture (30 l) contained 50 mM Tris-HC l, pH 7.5, 10 mM MgC l 2 , 5 mM EGTA, and 2 M A⑀-pep (L N RRRGSMR-RRV HQV NGH) in the presence or absence of 50 g /ml dioleol phosphatidylserine (Avanti Polar Lipids, Alabaster, AL) and 20 nM 12-Otetradecanoyl-phorbol-13-acetate (TPA). A⑀-pep is a synthetic peptide based on the pseudosubstrate peptide of PKC Apl II, which is phosphor- (Sossin and Schwartz, 1992; Sossin et al., 1993) . After addition of 10 l of purified PKC s, diluted to remain in the linear range of the assay (Sossin and Schwartz, 1992) , the reaction was started with 10 l of [␥- 32 P]ATP (1 Ci; 50 M final concentration; New England Nuclear, Boston, M A). After 30 min at 20°C, 40 l of the 50 l reaction mixture was spotted onto a Whatman phosphocellulose paper disk, which was washed in 100 ml of 2% (w/ v) ATP. The disks were then rinsed four times for 5 min with 0.425% (v/ v) phosphoric acid, and radioactivity was counted by scintillation. Each value is the average of duplicate assays. The mixed micelle assay to determine dependence on PS was performed similarly but with 2 mol percent dioctylglycerol, 0.3% Triton X-100, and varying levels of PS.
Cell culture preparation
The isolation of sensory and motoneurons from Apl ysia was as described by Manseau et al. (1998) . Briefly, adult animals were anesthetized by injection of 60 -100 ml of isotonic MgC l 2 solution. Pleuropedal and abdominal ganglia were removed, desheathed, and digested in 1% protease -artificial seawater. Tail sensory neurons (SNs) from the ventrocaudal cluster of pleural ganglia and siphon (L FS) motoneurons from the abdominal ganglion were mechanically dissociated and transferred to separate dishes (Falcon #1008; Becton Dickinson C anada Inc., Mississauga, C anada) containing a mixture of L -15 (modified for Apl ysia) (Schacher and Proshansky, 1983) , hemolymph (7%), and bovine serum albumin (0.01%) (K lein, 1995) . This procedure allowed easy manipulation of the neurons for many days.
Microinjection of the plasmid vectors
On day 1 after isolation, sensory neurons (usually round and devoid of any processes) were plated and allowed to adhere in a final dish (Falcon #3001) containing only L -15. Microinjections of plasmid solutions (2% fast green and ϳ0.2 M DNA in distilled water) were done with backfilled glass pipettes (ϳ5 M⍀) using a pico-injector (PLI-100; Medical Systems, Greenvale, N Y). After impalement, sensory neurons were rapidly filled by delivering short air puffs (50 -150 psi) until the cell soma became uniformly green.
Fluorescence microscopy
Injected sensory neurons were visualized at 4ϫ with a Nikon fluorescence microscope (Optiphot-2) equipped with a BM510 filter (Nikon, Tokyo, Japan). The excitation light source was a 100 W high-pressure mercury lamp. Depending on the plasmid, the success rate of expression ranged from 50 to 90%; smaller constructs, such as the EGFP-C2 domain f usion protein, were expressed more easily than f ull-length EGFP-PKC s. E xpression was usually stable 24 hr after the injection and could be maintained for Ͼ1 week.
Preparation of neuronal pairs
An arbitrary scale of fluorescence (from 0 to 5) was established to evaluate the labeling of each sensory neuron. Sensory neurons that were positive for plasmid expression (3-5 on the scale) were individually paired with motoneurons kept aside until then, in a hemolymph-enriched medium. After the pairing, neurons were still easily identifiable because of their distinct natural pigmentation (K lein, 1995) and the fast green injection in sensory neurons. Electrophysiological recordings started 2 d after pairing to allow the formation of new synaptic contacts (mostly soma to soma) and a f ull maturation of the PKC transduction pathway involved in short-term plasticity (Sun and Schacher, 1996) . Fluorescence of the sensory neurons was monitored once again just before recording. Neuronal pairs showing no more fluorescence at this point were excluded from the final analysis. Therefore, the overall sequence was as follows: day 1, dissection of ganglia plus isolation of sensory neurons and motoneurons; day 2, injection of sensory neurons with plasmids; day 3, pairing of motoneurons with fluorescent sensory neurons; day 4, rest; day 5, electrophysiological recordings.
Electrophysiology
All recordings were done in L -15 at room temperature (21-24°C) using Axoclamp-2A and Axoprobe-1A amplifiers (Axon Instruments, Foster C ity, CA) in the current-clamp configuration (bridge mode). The major criteria for selection of healthy neurons was a stable membrane potential for both SNs and motoneurons, a holding current (at Ϫ50 mV) that did not exceed 0.3 pA for the SN, and, most importantly, the presence of a synapse. When these criteria were met, the experiment was started. The neuronal pair was kept in the study if at least two postsynaptic potentials were clearly visible and if both SNs and motoneurons were still capable of producing action potentials at the end of the experiment. The resting potential of sensory neurons was not measured until the end of the experiment to prevent the generation of unwanted spontaneous spikes.
Changes in synaptic transmission
In experiments on short-term facilitation of depressed synapses, a hyperpolarizing current was passed (10 -15 M⍀ glass pipette filled with 2 M K Ac) to prevent spike generation during neuron impalement. The motoneuron was impaled first, and its membrane potential was stabilized at Ϫ80 mV. The sensory neuron was then impaled, and its membrane potential was stabilized at Ϫ50 mV. Short intracellular pulses were delivered, and once the threshold for action potential was reached, the stimulation intensity and interval was kept constant through the experiment. The series of EPSPs were recorded in the motoneuron. 5-HT (10 M final concentration) was added directly to the bath near the cells and mixed gently. The amount of facilitation was calculated as the percent change between normalized EPSPs 41-43 (after 5-HT) and EPSPs 38 -40 (before 5-HT). In experiments on short-term facilitation of rested synapses, we used extracellular stimulation (Manseau et al., 1998) . A single depolarizing stimulus was applied to the sensory neuron, and the initial EPSP amplitude was recorded. At 2 min, 5-HT was applied to the bath (10 M final concentration), and a second EPSP was recorded 3 min later in the presence of 5-HT. Data were acquired and analyzed digitally using C lampex 7 and a modified version of pC lamp (Axon Instruments), provided by Dr. M. V. Storozhuk (A. A. Bogomolety Institute of Physiology, K iev, Ukraine). E xperiments comparing the effects of the various constructs were done in parallel as much as possible. Data are expressed as mean Ϯ SEM.
Drugs and solutions
The following were used: protease type I X and 5-HT (Sigma, St. L ouis, MO), TPA (Sigma), and PS (Avanti Polar Lipids).
RESULTS
Properties of the various Aplysia PKC constructs used for functional studies
A schematic diagram of the various plasmids that were made for the functional study of specific PKC isoforms is shown in Figure  1 . Three types of constructs were made for each isoform: fulllength wild-type PKC, mutant PKC, and a deletion mutant encoding only the C2 domain of PKC. Each type of construct was tagged at its N-terminal with the EGFP. The various constructs were expressed in Sf9 or Sf21 cells using baculovirus to test their biochemical properties. All kinases were expressed at the expected molecular weights (Fig. 2 A, B) . Addition of EGFP did not change the specific activity of the PKCs (Fig. 2C) , and the EGFP-tagged kinases retained their distinct activation by PS (Fig. 2 D) . These results suggest that addition of EGFP does not affect kinase activity. To make possible dominant-negative constructs, PKCs were inactivated by a K-R mutation in the catalytic site. These constructs would be expected to compete with endogenous PKCs for binding to PKC binding proteins and/or substrates but will not lead to phosphorylation of PKC substrates, and thus these constructs would block the action of endogenous PKCs. This substitution rendered the constructs insoluble, as shown by their disappearance from the supernatant fraction (Fig.  3, K-R) . Maturation of PKC requires two autophosphorylations in the catalytic domain; these are needed for PKC stability and function, and nonphosphorylated PKC can be trapped in the particulate fraction (Newton, 1995) . To obviate this possible problem, we converted the autophosphorylation sites in PKC Apl I and PKC Apl II to glutamic acid, which mimics phosphorylation. We have shown previously that, for PKC Apl I, conversion of the two sites to glutamic acid does not affect the specific activity or the requirements for activation of the kinase (Nakhost et al., 1999) (data not shown). Conversion of the autophosphorylation sites to glutamic acid partially restored solubility of the kinases [ Fig. 3 , PKC (K-R, T-E, S-E), EGFP-PKC (K-R, T-E, S-E)]. As expected, kinases with K-R mutations have no kinase activity, and conversion of the phosphorylation sites to glutamic acid did not restore kinase activity (Fig. 2C) . Throughout the rest of the paper, we will refer to the EGFP-PKC (K-R, T-E, S-E) constructs as "mutant" or "dominant-negative" PKC constructs.
Facilitation of depressed synapses is blocked by mutant PKC Apl II
Both wild-type and mutant EGFP-PKCs were successfully expressed in sensory neurons. The level of expression was evaluated using an arbitrary scale of fluorescence (from 0 to 5). Only the sensory neurons that were positive for plasmid expression (3-5 on the scale) were individually paired with motoneurons. The EGFP-PKCs were excluded from the nucleus of sensory neurons and restricted to the cytoplasm (Fig. 1) . To study the function of specific PKC isoforms in Aplysia, sensory neurons expressing EGFP or EGFP-PKC constructs were tested for the plasticity of their synaptic connections with motoneurons. In a preliminary control experiment, we found that GFP expression by itself had no effect on the kinetics of depression and facilitation of SM pairs (Table 2) . Thus, using EGFP-expressing pairs as a control, we examined the effects of mutant PKCs in sensory neurons. In mutant PKC Apl I-and mutant PKC Apl II-transfected pairs, repeated stimulation induced a profound homosynaptic depression that was indistinguishable from controls ( Fig. 4 A, Table 3 ). However, although 5-HT produced a robust facilitation in the EGFP and mutant PKC Apl I groups, this effect was greatly reduced in SM pairs expressing the PKC Apl II mutant, suggesting that it acted as a dominant-negative construct (Fig. 4) . Although the time course of facilitation was rapid (peak within 40 sec) in mutant PKC Apl I and control groups, facilitation in mutant PKC Apl II pairs was reduced and developed gradually; it became significant after 1.5 min. The difference between mutant PKC Apl II and mutant PKC Apl I was not because of differences in expression, because neither the arbitrary scale of fluorescence (measured on a scale of 1-5; PKC Apl I mutant, 3.4 Ϯ 0.16, n ϭ 10; PKC Apl II mutant, 3.33 Ϯ 0.17, n ϭ 9) nor quantitation of imaged neurons (PKC Apl I mutant, 40 Ϯ 10, intensity per pixel, n ϭ 3; PKC Apl II mutant, 35 Ϯ 10, n ϭ 3) suggested any difference in the level of expression of these proteins. The effect of mutant PKC Apl II was dependent on the state of the synapse. Mutant PKC Apl II had no effect on the facilitation by 5-HT at nondepressed synapses (Fig. 4 D) .
Expression of the mutant constructs did not alter the shape and latency of the postsynaptic response or the intrinsic electrical properties of sensory neurons (Table 3 ). The frequency, speed, and pattern of neurite formation were also similar between the groups, and there was no evidence that pairs expressing one type of construct failed more often to form detectable chemical connections. The initial size of synaptic potentials from mutant PKC Apl II SM pairs was smaller than in controls (Table 3 ). However, it was not different from the initial EPSP of the mutant PKC Apl I group (Student's t test, NS), which had normal kinetics of facilitation. Thus, it seems unlikely that mutant PKC Apl II synapses did not respond to 5-HT simply because they had smaller synapses initially. Moreover, the mean amplitude of initial EPSPs from the EGFP and mutant PKC Apl II groups was similar in the experiment using nondepressed synapses, indicating that dominant-negative PKC Apl II by itself does not cause a decrease in the initial synaptic weight.
There was no evidence that the expression of the dominantnegative PKC Apl II affected the type of synaptic contact that was formed. Royer et al. (2000) recently suggested that the plasticity of the SM junction depends on the switching off and on of one subpopulation of synapses while a second population transmits stably and is less affected by modulatory agents. If dominantnegative PKC Apl II-transfected neurons only formed contacts of this latter type, this could explain the lack of facilitation. However, if this was the case, there would be no homosynaptic depression at these synapses. We have observed a normal depression rate (Fig. 4, Table 3 ).
Thus, these results demonstrate that expression of mutant PKC Apl II, but not similarly mutated PKC Apl I, specifically blocks 5-HT-mediated synaptic facilitation of depressed synapses without affecting most synaptic properties and without altering the mechanism underlying synaptic depression. Indeed, the actions of the mutant PKC Apl II were also dependent on the state of the synapse; mutant PKC Apl II blocked facilitation of the depressed synapse but had no effect on facilitation of nondepressed synapses.
Wild-type PKC expression also blocks the PKC-dependent facilitation
Because dominant-negative PKC and pharmacological PKC inhibitors block the facilitation of depressed synapses by 5-HT, it is possible that an increased level of wild-type PKC would conversely enhance this form of plasticity. We tested this possibility by transfecting EGFP-tagged wild-type forms of PKC Apl I or PKC Apl II constructs in SNs. Overexpression of wild-type PKC did not enhance facilitation. In fact, it was found that both isoforms significantly reduced the effect of 5-HT at depressed synapses (Fig. 5 ). This result is in contrast to the observation that dominant-negative constructs produce an isoform-selective block of STF. The effect of wild-type constructs also differed from that of mutants, in that the amplitude of facilitation was reduced but their kinetics remained unchanged.
Because of their different biochemical properties (active vs inactive) and considering their differential effect on the kinetics of STF, it is likely that the actions of wild-type and mutant PKC constructs are mediated through distinct mechanisms. Overexpression of wild-type PKC may increase the basal level of PKC activity in neurons, and this could lead to a homeostatic downregulation of PKC pathways. Activation of PKC may also lead to inhibition or activation of the PKA pathway (Sugita et al., 1997b) . To determine whether overexpression of PKC affects PKAmediated signal transduction, we examined the effect of 5-HT at rested synapses of neurons overexpressing the wild-type PKC Apl II. We found that the wild-type PKC Apl II construct had no effect on facilitation of rested synapses (Fig. 5C ). This result suggests that overexpression of this isoform does not alter the PKA pathway or the PKA-coupled 5-HT receptors. Thus, like the mutant PKC Apl II, the effects of overexpression of the wild-type PKC Apl II are dependent on the state of the synapses, inhibiting facilitation by 5-HT at depressed synapses but not at nondepressed synapses.
Facilitation may not involve protein-protein interaction with the C2 domain of PKC
The C2 domain of PKC is involved in isoform-specific recognition and binding with membrane-anchoring proteins known as receptors for activated C kinases (RACKs) (Mochly-Rosen et al., 1991; Ron et al., 1994b; Johnson et al., 1996; Csukai et al., 1997) . This binding may ensure the correct placement of PKC in isoformspecific macromolecular complexes directing the enzyme-substrate interaction (Mochly-Rosen and Gordon, 1998; Sim and Scott, 1999) . Selective inhibition of C2-RACK interactions has been used successfully in other systems to block the activation of individual PKC isoforms (Ron and Mochly-Rosen, 1994a; Johnson et al., 1996; Yedovitzky et al., 1997 ). Therefore, we tested whether the C2 domains of PKC Apl I or PKC Apl II could block facilitation of depressed synapses. To make sure that our EGFP-C2 constructs were functional, we expressed them in Sf21 cells with baculovirus. We have reported previously that the C2 domain of PKC Apl I binds PS in a Ca 2ϩ -dependent manner, whereas the C2 domain of PKC Apl II does not (Pepio et al., 1998) . Indeed, similar results were seen with the EGFP-tagged C2 domains (Fig. 6 A) . After expression in sensory neurons, EGFP and EGFP-C2 domain constructs were uniformly distributed in the soma and in every compartment of the SN, including the nucleus (data not shown). However, their expression in sensory neurons had no effect on facilitation of depressed synapses (Fig.  6 B, C) .
DISCUSSION
Use of a dominant-negative mutant to study the function of PKC isoforms in Aplysia
Traditionally, signal transduction studies in Apl ysia have relied mostly on pharmacological inhibitors or activators of specific enzymes. Go6976 and Ro-32-0432 are pharmacological inhibitors that are reported to distinguish C a 2ϩ -activated and C a 2ϩ -independent PKC s in vertebrates, but they do not show selectivity for inhibition of PKC Apl I and PKC Apl II (data not shown). Pseudosubstrate-based inhibitors have been used as isoform-specific inhibitors, but the pseudosubstrates from PKC Apl I and PKC Apl II inhibit both enzymes (Sossin and Schwartz, 1992) . More recently, it has become possible to T-E, S-E). Supernatant fractions were diluted and assayed for maximal activity (stimulated by saturating amounts of PS-TPA) or assayed using the mixed micelle assay with 1% dioctylglycerol and increasing levels of PS (Sossin et al., 1996a) . A, B, A fraction of the supernatant was used for Western blotting with an antibody to PKC Apl I ( A) or to PKC Apl II ( B) to determine the relative amounts of the kinases present. C, There were no differences in activity between wild-type PKCs and EGFP-PKCs. Specific activity was calculated as activity per amount of PKC (determined by Western blotting). There was no detectable activity after mutating the catalytic lysine to arginine, either before or after converting the autophosphorylation sites to glutamic acid and adding EGFP. D, Mixed micelle assays of wild-type PKCs and EGFP-PKCs demonstrate that addition of EGFP does not change the distinct PS requirements between PKC Apl I and PKC Apl II. Error bars indicate SEM; n ϭ 3.
transfect Apl ysia neurons in intact ganglia (Kaang et al., 1992; Kaang, 1996; Chang et al., 2000) and in culture (Bailey et al., 1997) . To determine the roles of the two PKC isoforms known in Apl ysia, we used mutants of PKC as isoform-specific inhibitors. A similar strategy has been used successf ully in other systems (Brodie et al., 1999; Soh et al., 1999; Buchner, 2000) and in Apl ysia for determining the importance of kinases or transcription factors (C astellucci et al., 1980; Dash et al., 1990; Bartsch et al., 1998) .
Effect of mutant PKC expression in SM neurons shows the involvement of PKC Apl II in 5-HT-induced synaptic recovery from depression
Dominant-negative PKC Apl II blocked the rapid onset of facilitation; however, after 1.5 min, there was no significant difference between the cells expressing dominant-negative PKC Apl II and controls. We believe that the dominant-negative PKC Apl II works by binding to a complex of proteins involved in transmitter release and thus blocking endogenous PKC from binding to this complex. However, the endogenous PKC is competing with the Figure 3 . Solubility of PKC expressed in Sf9 cells with a baculovirus system. Sf9 cells were fractionated 3 d after infection with the baculovirus construct shown. The cells were lysed, separated into supernatant and pellet, and separated on SDS-PAGE gels. Approximately threefold more of the supernatant fraction was loaded than the pellet. Mutating the catalytic lysine (K-R) causes loss of soluble PKC. This is partially restored by converting phosphorylation sites to glutamic acid in PKC Apl I (K-R, T-E, S-E), EGFP-PKC Apl I (K-R, T-E, S-E), PKC Apl II (K-R, T-E, S-E), and EGFP-PKC Apl II (K-R, T-E, S-E). At moderately depressed synapses, GFP expression had no effect on synaptic properties. Mean initial postsynaptic potential, depression (EPSPs 9 -11), and facilitation (EPSPs 12-14) of sensorimotor synapses were comparable in the GFPpositive and noninjected groups. In this control experiment, 5-HT was applied between EPSPs 11 and 12 (interstimulus interval, 30 sec). dominant-negative PKC for this site, and it will eventually succeed in phosphorylating the appropriate protein to increase transmitter release. If the half-life of phosphorylation is long enough, then over time enough protein will be phosphorylated to increase transmitter release; we believe this explains the transience of the dominant-negative inhibition. Consistent with this interpretation, we have been unable to block the PDBu-induced increase in excitability, which develops over tens of minutes (Sugita et al., 1997b; Manseau et al., 1998) using the dominant-negative PKCs (data not shown). The effect of the dominant-negative PKCs may be limited to actions of PKC that require protein-protein interactions to prelocalize PKC. These may be actions of PKC that must occur shortly after stimulation, as is the case for the role of PKC in invertebrate phototransduction (Tsunoda et al., 1997) , in which prelocalization of PKC is essential.
Role of PKCs in regulating transmitter release
PKC regulates transmitter release in many systems (for review, see Vaughan et al., 1998) . In some cases, PKC increases transmitter release through a phosphorylation-dependent modulation of C a 2ϩ channels (Swartz, 1993; Sánchez-Prieto et al., 1996; Hamid et al., 1999) . In Apl ysia, modulation of C a 2ϩ channels does not make a large contribution to synaptic plasticity (K lein, 1995) . Other possible actions of PKC are to increase the pool of transmitter available for release (Smith et al., 1998; Stevens and Sullivan, 1998; Walaas, 1999; Z hao and K lein, 2000) and to facilitate a late stage in the release process (Chen et al., 1999; Yawo, 1999) . Either of these possibilities is consistent with the role of PKC Apl II in Apl ysia neurons. PKC Apl II is a homolog of the vertebrate PKC s ⑀ and . Interestingly PKC ⑀ is enriched in presynaptic terminals (Tanaka and Nishizuka, 1994) and has been implicated in the regulation of transmitter release from synaptosomes (Prekeris et al., 1996) , as well as in the regulation of exocytosis in several nonneuronal preparations (Ozawa et al., 1993; T urner et al., 1994; Hong et al., 1997) . Thus, the role of this isoform of PKC in regulating exocytosis may be conserved. It will be interesting to see whether the regulation of transmitter release induced by PDBu is affected in the recently described ⑀ knock-out mice (K hasar et al., 1999) , because it is still seen in PKC ␥ knockouts (Goda et al., 1996) and only partially decreased in the PKC ␤ knock-out mouse (Weeber et al., 2000) .
Effect of wild-type PKC overexpression
In our experiments, facilitation of depressed SM synapses was blocked by overexpression of wild-type PKC Apl I and PKC Apl II. It is unlikely that these constructs are acting as dominant-negatives. First, there are no differences between the activity of the EGFP-tagged PKC s and wild-type PKC s (Fig. 2) . Second, unlike the dominant-negatives, facilitation is observed immediately after the 5-HT pulse in wild-type PKCexpressing SM pairs, suggesting that there is no competition with endogenous kinases. A simple explanation for the effect of wild-type PKC s is a homeostatic downregulation of the pathway between 5-HT receptors and PKC activation, perhaps by phosphorylating and desensitizing 5-HT receptors coupled to PKC activation. Alternatively, there may be downregulation of steps between PKC activation and facilitation. There was no effect of EGFP-tagged PKC Apl II on the 5-HT-mediated facilitation at nondepressed synapses, suggesting that this homeostatic regulation did not affect 5-HT receptors linked to cAM P production. The holding current (I hold ) is the current needed to hold the SN at Ϫ50 mV before the first stimulus. Resting potential (V r ) and input resistance (R in ) were taken at the end of each experiment. The values for V r are therefore underestimated, because at this point, 5-HT was present in the bathing solution and the SNs were often spontaneously active when hyperpolarization was removed. EPSPs 6 -10, Early depression; EPSPs 36 -40, late depression; ANOVA, one-way ANOVA. Significant differences between individual groups and the control EGFP group are indicated by asterisks (**p Ͻ 0.01, *p Ͻ 0.05; unpaired one-tailed t test with Welch's correction).
Figure 5. Short-term facilitation of depressed synapses is decreased by overexpression of wild-type PKC Apl I (Apl I-w) (n ϭ 11) and PKC Apl II (Apl II-w) (n ϭ 12) ( p Ͻ 0.05; unpaired one-tailed t test with Welch's correction). A, Notice that, in this case, the kinetics of facilitation is not affected. The control EGFP data (n ϭ 12) shown in this figure are the same as in Figure 4 and are used for comparison. B, Comparison of the amount of facilitation [percent change between normalized EPSPs 41-43 (after 5-HT) and EPSPs 38 -40 (before 5-HT)] between the three groups. C, Expression of wild-type PKC Apl II had no effect on the facilitation of nondepressed synapses (EGFP, n ϭ 4; wild-type Apl II, n ϭ 5; unpaired one-tailed t test with Welch's correction).
PKC Apl II-mediated EPSP facilitation may not involve isotype-selective interaction of the C2 domain with other proteins
RACKs recognize the C2 domain of PKC in an isotype-selective manner (Mochly-Rosen and Gordon, 1998) . No evidence was found in this study that would indicate that these interactions are important for the regulation of transmitter release. PKC also has protein-protein interactions that are not localized to the C2 domain, including interactions with the C1 domain, catalytic subunit, and C-terminal sequences (Mochly-Rosen and Gordon, 1998; Jaken and Parker, 2000) . The interaction of PKC Apl II with actin filaments does not require the C2 domain and could be important for the regulation of transmitter release (Nakhost et al., 1998) .
Reconciliation with the biochemical data
The dominant-negative effect of mutant PKC Apl II on the 5-HT-mediated reversal of synaptic depression is in apparent contradiction with evidence that a short 5-HT pulse only induces translocation of PKC Apl I (Sossin and Schwartz, 1992) . If PKC Apl II is translocated only at the synapse, previous studies would not have been sensitive enough to detect this translocation. Indeed, PKC Apl II is abundant in growth cones (Nakhost et al., 1998) , and translocation of PKC Apl II by phorbol esters in synaptosomes is enhanced compared with the cell body . Alternatively, PKC may not need to be translocated if it is already prelocalized at important sites through anchoring proteins (Tsunoda et al., 1997) . Thus, our data show quite clearly that translocation of PKCs may be a good starting point to examine activation of the kinase, but it is limited in terms of predicting the isoforms of PKC that will be involved in a specific physiological function, especially if that function is localized to a small region of the cell.
State dependence of PKC activation
The efficacy of information transfer to a postsynaptic target is dependent on the previous history of synaptic activity. Facilitation of rested and depressed synapses is mediated by different mechanisms, and previous studies have emphasized that different kinases become involved according to the state of the neuron (Ghirardi et al., 1992; Byrne and Kandel, 1996) . Our results confirm this finding, because dominant-negative PKC Apl II blocked 5-HT facilitation of depressed synapses but not naive synapses. PKC may phosphorylate a protein that is only ratelimiting when synapses are depressed. However, phorbol esters can also increase transmitter release at naive synapses (Braha et al., 1990; Sugita et al., 1997a; our unpublished data) . Another interesting possibility is that PKC Apl II activation could be dependent on the state of the neuron. 5-HT would only induce activation at depressed synapses. We may be able to test this hypothesis if we can measure EGFP-PKC translocation at synapses. It may even be possible for the same protein to be phosphorylated by PKA at rested synapses and by PKC at depressed synapses. For example, the state of the synapse has been shown recently to be an important factor in which kinase phosphorylates the AMPA receptor after long-term potentiation . There may also be other state dependences that specifically involve the PKC Apl I isoform. Recovery from depression after high-frequency firing may involve a C a 2ϩ -dependent replenishment of the releasable pool of vesicles (Gingrich and Byrne, 1985) . PKC is required for the persistence of synaptic facilitation when serotonin is paired with activity (Sutton and C arew, 2000) . Because PKC Apl I is regulated by C a 2ϩ , it may play a role in the regulation of transmitter release in these states of the synapse.
Summary
We have demonstrated that the dominant-negative constructs of PKC can be used as isotype-specific PKC blockers in the nervous system of Aplysia. Our results show that PKC Apl II partially mediates short-term facilitation at the sensorimotor synapse. In the future, it will be interesting to use imaging to see whether the action of PKC involves isotype-specific translocation at Aplysia synapses. Dominant-negative PKCs can be tested on other possible downstream effects of PKC, such as growth cone extension, the regulation of ion channels, and increases in spontaneous release. Figure 6 . The C2 regions of Aplysia PKCs have no effect on facilitation. A, Properties of the C2 constructs. The distinct translocation of the two C2 domains is retained in the EGFP-C2 constructs; PKC Apl I binds to PS in a Ca 2ϩ -dependent manner, and PKC Apl II does not bind constitutively to PS or translocate in the presence of Ca 2ϩ . Sf21 cells were fractionated 3 d after infection with either PKC Apl I EGFP-C2 or PKC Apl II EGFP-C2. Supernatants were incubated with buffer, PS (40 g/ml), or PS (40 g/ml) and Ca 2ϩ (500 M). B, Short-term facilitation of depressed synapses is unaffected by overexpression of the C2 domains from either PKC Apl I (n ϭ 12) or PKC Apl II (n ϭ 13) (not significantly different; unpaired one-tailed t test with Welch's correction). Control EGFP (n ϭ 12) is as in Figure 4 . C, Summary of the amount of facilitation between the three groups.
